Ultrasound has been shown to reversibly and irreversibly disrupt membranes of viable cells through a mechanism believed to involve cavitation. Because cavitation is both temporally and spatially heterogeneous, flow cytometry was used to identify and quantify heterogeneity in the effects of ultrasound on molecular uptake and cell viability on a cell-by-cell basis for suspensions of DU145 prostate cancer and aortic smooth muscle cells exposed to varying peak negative acoustic pressures ͑0.6-3.0 MPa͒, exposure times ͑120-2000 ms͒, and pulse lengths ͑0.02-60 ms͒ in the presence of Optison ͑1.7% v/v͒ contrast agent. Cell-to-cell heterogeneity was observed at all conditions studied and was classified into three subpopulations: nominal uptake ͑NUP͒, low uptake ͑LUP͒, and high uptake ͑HUP͒ populations. The average number of molecules within each subpopulation was generally constant: 10 4 -10 5 molecules/cell in NUP, ϳ10 6 molecules/cell in LUP, and ϳ10 7 molecules/cell in HUP. However, the fraction of cells within each subpopulation showed a strong dependence on both acoustic pressure and exposure time. Varying pulse length produced no significant effect. The distribution of cells among the three subpopulations correlated with acoustic energy exposure, which suggests that energy exposure may govern the ability of ultrasound to induce bioeffects by a nonthermal mechanism.
I. INTRODUCTION
Drug delivery and gene therapy are limited by the need to deliver large numbers of molecules into living cells. As a possible solution, ultrasound has been shown to enhance molecular transport across cell membranes through a mechanism believed to involve acoustic cavitation. The ability to reversibly increase cell membrane permeability has been observed in studies using small molecules, macromolecules, and genetic material ͑Fechheimer et al., 1986; Saad and Hahn, 1987; Harrison et al., 1996; Bao et al., 1997; Greenleaf et al., 1998; Miller et al., 1999; Guzmán et al., 2001͒. However, these and other studies have generally not quantified molecular uptake within affected cells on a cell-by-cell basis. This type of analysis would provide absolute numbers of molecules within cells, which is important for drug and gene delivery applications and to support quantitative modeling efforts. It would also identify and quantify heterogeneity in ultrasound's effects, which is important for applications where uniform responses among a population of cells may be desirable.
In this study, molecular uptake and cell viability are quantified on a cell-by-cell basis for large numbers of individual cells ͑e.g., 20 000 cells per sample͒ using flow cytometry. We hypothesize that within a population of cells sonicated under the same conditions, the number of molecules delivered into each cell will be highly variable. To test this hypothesis, data from a companion study ͑Guzmán et al., 2001͒ are reanalyzed to quantify levels of molecular uptake on a cell-by-cell basis. This re-analysis permits identification of distributions in uptake and provides a means to quantify any observed heterogeneity.
Our companion study ͑Guzmán et al., 2001͒, which measured the effects of acoustic pressure, exposure time, and pulse length on cell viability and average molecular uptake within cells, concluded that these bioeffects correlated with acoustic energy exposure over the conditions tested. We therefore propose as a second hypothesis for the present study that cell-to-cell heterogeneity in molecular uptake resulting from sonication will correlate with acoustic energy exposure.
It is not clear a priori that cell-to-cell heterogeneity should be expected, which in part motivates this study. For example, molecular uptake induced by an electrical method to increase cell membrane permeability-electroporationhas been shown to be homogeneous over a broad range of experimental conditions in mammalian cells ͑Prausnitz et al., 1993; Canatella et al., 2001͒ and can show bimodal distributions in yeast ͑Gift and Weaver, 1995͒. The observed homogeneity can be attributed to the uniform electric field experienced by cells during electroporation, whereas the heterogeneity may be due to the nonspherical shape of yeast cells that results in different transmembrane voltages as a function of cell orientation. In contrast, ultrasound's bioeffects are generally attributed to cavitation, which is heterogeneous in both time and space ͑Leighton, 1994; Miller et al., 1996; Barnett, 1998͒ . For this reason, we have hypothesized that each cell will experience different interactions with cavitation bubbles, which thereby result in different levels of bioeffects on a cell-to-cell basis.
II. MATERIALS AND METHODS
To measure possible heterogeneity in the effects of ultrasound on cells, we used data collected in a companion study ͑Guzmán et al., 2001͒ which quantified molecular uptake and cell viability over a range of peak negative acoustic pressures ͑0.6-3.0 MPa͒, exposure times ͑120-2000 ms͒, and pulse lengths ͑0.02-60 ms͒. Detailed descriptions of cell culture, experimental procedures, ultrasound application, and data analysis are presented in that study. The following is a summary of those experimental methods, as well as a detailed description of additional analysis used in this study.
A. Experimental methods
DU145 prostate cancer cells ͑DU145͒ or human aortic smooth muscle cells ͑AoSMC͒ grown as monolayers were harvested and resuspended to a concentration of 1ϫ10 6 cells/ml in Dulbecco's phosphate buffered saline. Calcein ͑623 Da, radiusϭ0.6 nm͒, a molecule simulating a small drug, was added at a concentration of 10 M and Optison contrast agent, which provides nuclei for cavitation, was added to achieve a final concentration of 1.7% v/v. Cell samples were then exposed to ultrasound at the conditions described previously using focused 500-kHz ultrasound in the apparatus described previously ͑Guzmán et al., 2001͒. Using flow cytometry, molecular uptake caused by ultrasound was determined by measuring the intensity of green fluorescence emitted by calcein taken up by cells. Cell viability was determined by measuring the intensity of red fluorescence emitted by propidium iodide added as a viability stain to cell samples after sonication ͑Guzmán et al., 2001͒.
B. Flow cytometry analysis of heterogeneity
Intracellular calcein fluorescence was measured using flow cytometry; 20 000 cell measurements were collected per sample to ensure that a statistically significant cell population was analyzed. As shown in Fig. 1 , the fluorescence intensity of each sample of cells can be presented as a histogram. In a representative control sample of cells unexposed to ultrasound ͓Fig. 1͑a͔͒, a single population of cells is present with a distribution of fluorescence most likely due to autofluorescence, optical and electrical noise, and low-level surface binding of calcein. In representative samples of cells exposed to ultrasound ͓Figs. 1͑b͒-͑d͔͒, the histograms show broad, heterogeneous distributions of cell fluorescence, which appear to contain multiple subpopulations. The shape observed in these histograms, i.e., two peaks and a wide valley in between, was common to almost all cell samples exposed to ultrasound. For this reason, the observed heterogeneity was analyzed using three subpopulations of cells, as shown pictorially in Fig. 1͑c͒ .
To analyze the distributions of viable cells contained within each sample, raw data from histograms generated in WINMDI ͑TSRI Flow Cytometry, San Diego, CA͒, were exported into EXCEL ͑Microsoft, Redmond, WA͒ as ASCII files using the utility LDATA ͑Robinson and Kelly, 1998͒. In EXCEL, the data were formatted and then exported into MIX Software 3.1 ͑Ichthus Data Systems, Hamilton, Ontario, Canada͒. MIX is a statistical software package used to analyze populations containing a mixture of subpopulations. Using MIX, we found the best fit for a set of three normal distributions to describe the uptake histogram for each sample exposed to ultrasound ͓Fig. 1͑c͔͒. MIX then calculated the fraction of cells, the fluorescence mean, and the standard deviation of the fluorescence mean for each of the three cell subpopulations. Molecular uptake in each subpopulation was measured by subtracting the mean fluorescence of control samples ͓e.g., Fig. 1͑a͔͒ from the mean fluorescence of each subpopulation in each of the exposed samples. The number of calcein molecules delivered per cell was then determined from these mean fluorescence measurements, as described previously ͑Guzmán et al., 2001͒.
C. Visual verification of heterogeneity
To visualize molecular uptake into cells, a Zeiss LSM510 confocal microscope ͑Carl Zeiss, Thornwood, NY͒ was used to image the fluorescence emitted from cells exposed to 488-nm argon UV lasers ͑optical section at ϳ8-m penetration depth, which is near the center of each cell͒. Green fluorescence ͑calcein͒ indicated molecular uptake, red fluorescence ͑propidium iodide͒ stained the nuclei of dead cells, and blue fluorescence ͑Hoechst 33342; Molecular Probes, catalog no. H-1399͒ nonspecifically identified the FIG. 1. Fluorescence histograms of cell samples showing uptake of calcein ͑20 000 cells/sample͒. ͑A͒ Fluorescence of a control sample shows Gaussian-distributed background fluorescence in the first decade of the histogram. ͑C͒ Fluorescence signal in the exposed sample is heterogeneous and can be divided into regions termed nominal ͑NUP͒, low ͑LUP͒, and high ͑HUP͒ uptake populations ͑60-ms pulse length, 540-ms exposure time, and 3.0 MPa peak negative pressure͒. ͑B, D͒ Histograms showing that at other ultrasound conditions there still exist three subpopulations, but with different relative numbers of cells in each sub-population ͑60-ms pulse length, 2-s exposure time, and 1.2 ͑B͒ and 2.4 ͑D͒ MPa peak negative pressure͒.
nuclei of all cells. Confocal images were used to visually corroborate the heterogeneity observed in flow cytometry data.
D. Statistical analysis
At each condition tested, a minimum of three replicate cell samples was measured, from which the mean and standard error were calculated. A Student's t-test was used when comparing two experimental conditions and a one-way analysis of variance ͑ANOVA ␣ϭ0.05͒ was performed when comparing one factor with three or more experimental conditions. A p value Ͻ0.05 was considered statistically significant. Data are expressed as mean Ϯ SEM in the Figures.
To identify trends in experimental data, regression models based on restricted cubic splines ͑S-Plus, MATHSOFT, Seattle, WA͒ were used. ''Goodness'' of fit for each trend was determined using the multiple R 2 statistic, which represents the amount of variability in the response variable ͑e.g., uptake͒ that is explained by the fitted variable ͑e.g., pressure͒. A multiple R 2 of 1 indicates a perfect relationship between the fit and response variables, while a multiple R 2 of 0 indicates no relationship.
III. EXPERIMENTAL RESULTS
In a companion study ͑Guzmán et al., 2001͒, we measured the effects of acoustic pressure, exposure time, and pulse length on the uptake of a model compound, calcein, and the loss of cell viability in DU145 prostate cancer and aortic smooth muscle cell suspensions in the presence of Optison contrast agent. As is commonly done, each cell sample was treated as a single homogeneous population, and uptake and viability were expressed as overall average values representative of each cell sample. However, closer examination of the data shows that cell samples are heterogeneous and therefore should be described with multiple subpopulations ͑Fig. 1͒. Therefore, in this study the data were reanalyzed to account for the observed heterogeneity.
A. Cell heterogeneity
Heterogeneous bioeffects were observed in both DU145 and AoSMC cell samples at almost all of the ultrasound conditions tested. Figure 1 contains histograms of calcein fluorescence associated with viable cells ͑cells rendered nonviable by ultrasound are discussed further in the following sections͒. As shown in Fig. 1͑a͒ , the fluorescence emitted from a representative control sample of viable cells is distributed across a single population having low fluorescence. Figures 1͑b͒-͑d͒ show a representative set of samples exposed to ultrasound. The cells in these samples have fluorescence ͑i.e., uptake͒ corresponding to one of three regions: ͑1͒ a low-fluorescence peak, ͑2͒ a high-fluorescence peak, or ͑3͒ a wide valley in between. All samples exposed to ultrasound showed this distribution containing two peaks and a wide valley. Only the relative heights of the peaks varied among samples ͓Figs. 1͑b͒-͑d͔͒.
The low-fluorescence peak of Figs. 1͑b͒-͑d͒ contains a subpopulation of cells with fluorescence similar to that observed in control samples and is termed the nominal uptake population ͑NUP͒. Although NUP cells have fluorescence somewhat higher than that of control cells, this level of fluorescence is just above the detection limit of the fluorescence measurement and may correspond to low-level binding of calcein to cell membranes following ultrasound exposure. Because fluorescence emitted by these cells was so dim, it was not possible to visualize by microscopy whether the fluorescence was associated with the cell membrane or cytosol.
The second and third subpopulations in Figs. 1͑b͒-͑d͒ contain cells with higher levels of uptake. Those cells in the broad valley are defined as the low uptake population ͑LUP͒, while those in the highly fluorescent peak are defined as the high uptake population ͑HUP͒. Although, the histograms in Fig. 1 might also be described using just two populations, for example, with non-Gaussian distributions, we felt that three populations represent the data better, since the broad range of fluorescence found in the ''valleys'' warrants its own descriptor ͑i.e., LUP͒. The three-subpopulation classification provides a means to describe data concisely, that would otherwise be difficult to describe, using the simplest fit that does not leave out important information. This categorization into three subpopulations is based solely on phenomenological observation and is not based on theoretical or mechanistic considerations.
As further evidence that cells exposed to the same ultrasound conditions can respond with highly heterogeneous amounts of uptake, confocal microscopy was used to image calcein fluorescence within viable cells. Figure 2 shows three adjacent cells that experienced the same ultrasound exposure, but have very different fluorescence intensities. The cell with almost no visible fluorescence is representative of NUP, the cell with brighter fluorescence represents LUP, and the cell with the brightest fluorescence represents HUP.
B. Molecular uptake within each subpopulation
The average number of calcein molecules taken up by viable cells within each of the three subpopulations of in- FIG. 2 . A confocal microscopy image of three adjacent cells shows the simultaneous presence of three calcein uptake subpopulations. ͑A͒ The brightly fluorescent cell is indicative of high uptake of green-fluorescent calcein ͑HUP͒, ͑B͒ the dimmer fluorescent cell is indicative of low uptake ͑LUP͒, and ͑C͒ the dark cell is indicative of nominal uptake ͑NUP͒. Cell nuclei are identified by an asterisk. In this image, fluorescence is due to the combined signals from calcein uptake and Hoescht 33342 nuclear stain. The NUP cell nucleus is observed by the faint glow given off by the Hoescht dye. In the LUP and HUP cells, the nuclei are indicated by the densely bright signal that results from combined calcein and Hoescht fluorescence. sonated cells was determined using flow cytometry. As shown in Fig. 3 
7 molecules/ DU145 cell and 1.1(Ϯ0.3)ϫ10 7 molecules/AoSMC cell (meanϮstandard error͒. Because the fraction of cells within each subpopulation varied substantially ͑as discussed in the following section͒, overall uptake for a total population of cells ͑i.e., the sum of uptake from all three subpopulations weighted by the fraction of viable cells in each subpopulation͒ exhibits a strong dependence on ultrasound exposure conditions, as shown in our companion study ͑Guzmán et al., 2001͒.
C. Pressure dependence of subpopulation distribution among viable cells
Having established that within each subpopulation the number of molecules per cell showed small variation ͑Fig. 3͒, we wanted to determine the effects of ultrasound exposure conditions on the distribution of cells between the three subpopulations. Figure 4 shows the effect of pressure on this distribution among the viable cells. The NUP fraction of viable cells ͑NUP viable ; white bars͒ generally decreased with increasing pressure ͑statistical analysis provided in Fig. 4͒ . In contrast, the LUP fraction of viable cells ͑LUP viable ; gray bars͒ remained relatively constant, and the HUP fraction of viable cells ͑HUP viable ; black bars͒ generally increased with increasing acoustic pressure, indicating that the composition of viable cells became richer in HUP at higher pressures. 
D. Exposure time dependence of subpopulation distribution among viable cells
A similar trend was observed when studying the effects of ultrasound exposure time at constant pressure. To demonstrate this more clearly, the data in Fig. 4 were replotted as a function of exposure time in Fig. 5 , which shows that NUP viable generally decreased, LUP viable remained relatively constant, and HUP viable generally increased with increasing exposure time. As with increasing pressure, the composition of viable cells became richer in HUP at longer exposure times.
E. Subpopulation distribution among all cells
The analysis presented so far has addressed only the cells that remain viable after exposure to ultrasound and divided them into three subpopulations. However, large numbers of cells can be made nonviable by ultrasound. A more complete analysis should consider that a cell exposed to ultrasound could have one of four fates: either it remains viable and falls into the NUP, LUP, or HUP subpopulation or it is rendered nonviable.
To account for nonviable cells, we recalculated the dis- Figs. 4 and 5 on the basis of only viable cells may be useful for scenarios where cell death is not of primary concern, but delivery of molecules is critical. For example, laboratory scientists may be more concerned with efficiency of gene or protein uptake among viable cells, since the surviving cell population can be rapidly grown in culture to yield more cells. Alternatively, analysis on the basis of all cells shown in Figs. 6 and 7 may be useful for medical researchers and clinicians interested in ultrasound conditions that deliver large amounts of therapeutic material without excessive cell death ͑e.g., useful for targeted drug delivery or gene therapy͒ or with extensive cell death ͑e.g., useful for cancer treatment͒.
F. Pulse length dependence of subpopulation distribution
When pulse length was varied between 20 s ͑10 cycles/ pulse͒ and 60 ms ͑30 000 cycles/pulse͒, subpopulation distributions did not change significantly ͑Fig. 8͒. This conclusion is similar to the result presented previously ͑Guzmán et al., 2001͒, where overall viability was not affected by varying pulse length over the range of conditions tested. 
G. Acoustic energy correlation with subpopulation distribution
Because the distribution of cell subpopulations depends strongly on exposure time and even more strongly on pres- sure, we hypothesized that the families of distributions shown in Figs. 4-8 could be collapsed down into single curves when plotted as a function of acoustic energy exposure ͑E͒. In Fig. 9 , the subpopulation distributions among viable cells ͑Figs. 4 and 5͒ were replotted as a function of acoustic energy exposure. Figure 9 shows that for both cell types the data collapsed into single curves, where NUP viable decreased, LUP viable was scattered, and HUP viable increased with increasing acoustic energy exposure.
The subpopulation distributions calculated on the basis of all cells were also correlated with acoustic energy exposure. For this, the data from Figs. 6 and 7 were replotted versus energy in Fig. 10 . The figure shows that NUP all cells decreased (ANOVA pϽ0.05); LUP all cells and HUP all cells probably initially increased ͑since no LUP or HUP cells were present in controls͒, leveled out (EϽ50 J/cm 2 , ANOVA p Ͼ0.05), and then decreased (EϾ50 J/cm 2 , ANOVA p Ͻ0.05) with increasing acoustic energy exposure. Figure 3 indicates that uptake within each subpopulation ͑i.e., NUP, LUP, and HUP͒ was not significantly different from each other. This is shown again in Fig. 11 , in which these data are replotted versus acoustic energy exposure. However, the scatter within each subpopulation can be partially explained by an increasing trend with increasing energy for NUP and LUP cells ͑one-way ANOVA pϽ0.01͒. Uptake within the HUP subpopulation was independent of energy exposure ͑one-way ANOVA pϾ0.10͒.
H. Acoustic energy correlation with molecular uptake
The average uptake in the HUP subpopulation ͑i.e., average of all HUP data points in Fig. 11͒ 
IV. DISCUSSION

A. Cavitation-based versus cell-based heterogeneity
The most notable finding in this study is that cells exposed to the same acoustic environment exhibited cell-to-cell heterogeneity in their response to ultrasound, which is in direct support of our first hypothesis. This observation raises an interesting question: Are these heterogeneous effects due to ͑i͒ spatial and temporal heterogeneity in cavitation generated by ultrasound or ͑ii͒ heterogeneity based on differences between cells and their responses to acoustic cavitation?
In support of the first explanation, cavitation is known to be a stochastic phenomenon controlled by the location and availability of nucleation sites, which makes cavitation extremely heterogeneous in both time and space ͑Leighton, 1994; Miller et al., 1996; Barnett, 1998͒ . As a result, a cell's fate may be determined by the degree to which that cell came in contact with one or more of the finite number of stable or inertial cavitation bubbles. The mechanism of cell disruption could involve just a single cell-with-bubble interaction or the accumulated effect of multiple interactions. In this way, cells that do not come into sufficiently close contact with a cavitation bubble experience no effect ͑i.e., NUP͒; cells that have progressively closer interactions with bubbles fall among the broad LUP and HUP subpopulations; and cells that locally experience too much cavitation are made nonviable. Based on the calculation method described by Ward et al. ͑2000͒ the average initial cell-to-bubble spacing in the present study was 45 m, which is 2-3 times the diameter of the cells used.
Heterogeneity in cavitation could also come from insufficient mixing. The literature indicates that exposure vessel rotation may be necessary to promote cell-bubble mixing and thereby enhance bioeffects ͑Church et al., 1982͒. However, other studies have shown that when contrast agent nucleation sites are present, there is no difference in bioeffects caused in rotating and nonrotating exposure vessels Brayman and Miller, 1999͒ . For our experiments, in which contrast agent was present, we visually observed vigorous mixing within cell samples during ultrasound exposure and therefore believe that insufficient mixing was not the source of heterogeneity. Instead the finite number and short lifetime of bubbles may limit the odds of having cell-bubble interactions.
The second possible explanation for heterogeneity is based on biological differences between individual cells that affect the cell's mechanical properties or otherwise influence how each cell interacts with cavitation bubbles. In this case, all cells could have identical cell-bubble interactions ͑i.e., no time-averaged heterogeneity in cavitation͒, but different subpopulations of cells might react to cavitation differently. Based on differences in cell cycle or other factors, some cells FIG. 11 . The average number of calcein molecules delivered per cell ͑com-bined plot of DU145 and AoSMC cells͒ for each uptake subpopulation as a function of acoustic energy exposure. Calcein uptake per cell increased as a function of energy exposure for NUP and LUP cells, but showed no dependence for HUP cells. might be reversibly affected by a given ultrasound exposure ͑i.e., LUP or HUP͒, others might be unaffected ͑i.e., NUP͒, and still others might be rendered nonviable. Additional experiments are needed to determine the relative roles of heterogeneity in cavitation and between cells as the cause of heterogeneity in uptake and cell viability.
B. Comparison to heterogeneity and homogeneity seen in other studies
Heterogeneity and homogeneity seen in other studies using ultrasound and a related phenomenon, electroporation, provide additional perspective on the results reported here. Previous ultrasound studies have observed heterogeneity in the form of three possible responses: cells that are unaffected, induced to take up molecules, or rendered nonviable. For example, the literature has numerous reports of ultrasound having heterogeneous effects on cell viability, where ultrasound renders only a fraction of cells nonviable ͑Bray-man and Church et al., 1982; Greenleaf et al., 1998; Miller et al., 1996͒. Other studies have reported heterogeneity in gene transfection, which is an indirect measure of the combined effects of gene uptake and cell viability ͑Bao et al., 1997; Greenleaf et al., 1998͒ . While the present study confirms and quantifies these earlier observations, it introduces an additional aspect of heterogeneity: among cells induced to take up molecules, there is a broad distribution in levels of molecular uptake, that starts just above control values ͑NUP͒ and approaches chemical equilibrium with the extracellular solution ͑HUP͒. This result has not been reported before, probably because the cell-by-cell measurements needed to show it have not been performed.
Ultrasound's heterogeneous effects are dramatically different from the distribution of molecular uptake caused by electroporation. Electroporation is a phenomenon that similarly causes varying degrees of molecular uptake and cell viability in response to a brief ͑e.g., s to ms͒ electric field pulse ͑Chang et al., 1992͒. In contrast to results seen here, all cells subjected to a given electroporation exposure have been shown to take up molecules in a homogeneous manner for studies with DU145 cells ͑Canatella et al., 2001͒ and human red blood cell ghosts ͑Prausnitz et al., 1993͒. For spherical cells, electroporation histograms similar to those in Fig. 1 do not show multiple populations, but are always characterized by a single peak with an approximately Gaussian distribution. Moreover, the location of that peak can occur anywhere along the x axis of the histogram, depending on electroporation conditions used. This difference may be explained by the spatial and temporal uniformity of the electric field during electroporation, as opposed to the heterogeneity of cavitation.
C. Significance of correlation with acoustic energy exposure
In support of our second hypothesis, heterogeneity in molecular uptake was found to correlate with acoustic energy exposure. A similar dependence on energy exposure was shown previously for cell viability and total molecular uptake ͑Guzmán et al., 2001͒ and increased skin conductivity ͑Mitragotri et al., 2000͒. This dependence on energy is important because it provides a single parameter that correlates with the various bioeffects induced by extremely complex cavitational activity. Using this correlation, the observed bioeffects can be approximately described by energy exposure regardless of the applied pressure, exposure time, or pulse length. This approach may allow a researcher or clinician to identify ultrasound conditions that yield useful effects. For example, a physician performing gene therapy may want to maximize HUP all cells and therefore apply the optimal energy exposure ͑e.g., 50-350 J/cm 2 in the present study, see Fig. 10͒ to deliver large numbers of molecules necessary for transfection into as many cells as possible. For targeted chemotherapy, one may want to minimize NUP all cells and therefore operate at a much higher energy to assure that all cancer cells are killed either directly by ultrasound or indirectly due to uptake of a chemotherapeutic agent.
V. CONCLUSIONS
When measured on a cell-by-cell basis, the number of molecules taken up by cells exposed to the same ultrasound conditions was shown to be extremely heterogeneous. This cell-to-cell heterogeneity was observed in both AoSMC and DU145 cells at all of the ultrasound conditions tested. After exposure to ultrasound, viable cells could be divided into three subpopulations, for which the fraction of cells in each subpopulation depended strongly on pressure and exposure time, but not on pulse length, and was found to correlate with acoustic energy exposure. Molecular uptake within each subpopulation remained relatively constant. Because ultrasound's effects are thought to be mediated by cavitation, the existence of subpopulations suggests heterogeneity in the time and location of acoustic cavitation and/or in cellular responses to cavitation.
